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Introduction

O wWill touch on technolog Y, but mostly discuss
the physics of particle accelerators, espectally
relevant to hadrow colliding beams sywnchrotrons

0O will cover:

= Lumiwosltg; how to meet the regquirements?

- bastc principles; develop “the jargon”

- a few wmajor issues encountered at high
energy, Lumiwosi’cg




0O ®Beam/target particles:  E, =m,
Fixed Taroet Collider
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0 E)(Perimew’cs want “collistons/events” —- rate?
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Integrated Luminosity

0O Buwnched beam Ls natural tw collider that

“accelerates” (meore Later) foB N2
B

A fo = rev. frequency
B = no. bunches

O (n Ldeal case, part’wtes are “lost” only due to

”GOLLLSLOV\’S o BN E E (n = no. of detectors
S T g

receiving luminosity £)

0O So, tn this tdeal case,  L(t)




since R =L-Y then, #events = / L(t)dt - X

O So, our integrated Lluminosity is
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asy, mptotio LLmLt:
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(wtll come back to Lumiwositg at the enol)




O SimpLe Moodlel of Sy nehrotrow: Q

- Accelerating device + wmagwnetic field to
bring particle back to accelerate again

O Field Strength —- determines size, ultimate
energy of collider,

~N

. R=p/f (f~0.8—0.9)

T 6)( . “pa cking fraction”

J

B=18T, p=450GeV/c f=085— R~1km




Magnets

N turns per pole

O itron-dominated magwnetic fields of et

iron return yoke
B = 4P
d

- ronn WLLL “saturate” at about 2 Tesla

0 qu:emowduotiwg magwnets

- field determined by distribution of currents

By = ot r “cosine-theta” distribution

2

current density, J




* Superconducting Designs

Nuwmeerieal Lo

O Tevatrown ol 2

4w T m/A 1000 A /mm” (10 mm) - 10°mm
107 2 m

J

~N

1t SC accelerator

4.4 T; 4°K
Heat Exchanger Pipe

Superconducting Coils

Tevatron Dipole

Helium-Il Vessel
Superconducting Bus-Bar
Iron Yoke
Non-Magnetic Collars
Vacuum Vessel

Radiation Screen

Thermal Shield

The
_— 15-m long
Bus Bar Tube LHC Cryodip()le

Instrumentation
Feed Throughs




Acceleration

Principal of phase stability

MceMillan (U. california) and veksler (Russia) ¢

Loss

magine: particle clreulating in field, B; along orbit, arrange particle to pass through

a OD(\/L’Cg with max. voltage V, oscillating at frequewog hXfrev (Where h LS an Lwteger)'
suppose particle arrives near time of zero-crossing e

net acceleration/deceleration = eV sin(wAt)

Lf arrives late, wmore voltage Ls applied; arrives early, gets less

thus, a restoring force —> energy oscillation

“Synchrotron Oscillations”

in general, Lower momentum particles take Longer, arrive Late gain extra momentum

next, slowly raise the strength of B; if raised adiabatically, oscillations continue about

the “synchronous” momentum, defined by p/e = B'R for constant R

This Ls the principle behina the sywnchrotron, used L all major HEP accelerators today




Longitudinal Motion
chS = foeVsin gy ~ d—B

Particles arriving nearby in phase, and nearby tn energy will

Say deal particle arrives at phase @s:

* Phase Space AE / AFE, + eV(sin ¢,, — sin ¢6)J

1 / T 5 G L R A N -‘1 -3:;:!:1 - \ S

Regions of [=—"So—=""" " N/
Stability

Adiabatic increase of béWdﬁeLol gewemtes stable phase space
regions; particles oscillate, follow along

“bunched” beaw; h= fir/frv = # of possible bunches




Bunched Beam

O ®Bunch by adiabatically raising voltage of RF cavities

eVWin) = 0 02keV




#Buckets, Bunches, Batches, ...

Stable phase space region is called a bucket.

- Boundary Ls the separatrix; only an approximation

- ¢s=0.7 —particles outside bucket remain in accelerator
“DC beam”

- For other values of @5 — particles outside bucket are Lost

o DC beam from injection Ls Lost upown acceleration

Bunches of particles occupy buckets; but not all buckets need
be occupied.

Batches (or, bunch trains) are groupings of bunches formed
i specific patterns, often from upstream accelerators




Acceleration

O Stable reglons
shirnk as begin to
accelerate

5
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If beam phase
space area Ls too
large (or Lf BC
beam extsts), can
Lose particles in
the process

Phase, degrees




Keeping Focused

O (naddition to tncreasing the particle’s energ Y, must keep the beam
focused transversely along its journey

O early accelerators empLoHed what Ls now called “weak focusing”

-
i r

/'u n is determined by

i ‘_ _)* _>_ oz adjusting the opening

\\\ angle between the poles

must have
0<n<l
for stability




O with weak focusing, for a given transverse angular deflection,

, Ry
D -,—hl’('sl a‘PCV‘:l«LY& i Vadu/(..s i Cl/bergg (xmaaz ~ % J

P \ ‘E Cosmotron (1952)

(3.3 GeV)




O with weak focusing, for a given transverse angular deflection,

O Thus, aperture ~ radius ~ energy

P T

Bevatron (1954) 78aa e- }* A’\l‘.’! L \_.:95
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(6 GeV)

Could actually sit
inside the vacuum
chamber!!
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Strong Focusing

O Think of standard focusing scheme as
alternating system of focusing and defocusing
lenses (toda Y, use quadrupole magwnets)

uadrupole will focus tn one transverse plane, but
defocus twn other; Lf alternate, can have net
focusing tw both

- for equally spaced infinite set, net focusing
requires F > L/2

F = focal length, L = spacing
- FODO cells:




Separated Function
0O wntll late 60’s, sy nehrotron magwnets (wedge-shaped va rietg) both
focused and steered the particles in a circle. (“combined function”)

'y
Je
A

with Fermilab Main Ring and CERN SpsS, use “dipole” magwnets to
steer, and use “gquadrupole” magwets to focus

uadrupole magwnets, with alternating field gradients, “focus”
particles about the central trajectory -- act like lenses

’ ':\ :”, a0
O Thn lens focal Length:

p X(8)
Az’ =eBl/p = (eB'l/p)x — 1/F =eB'l/p
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Fermilab Logo

Tevatron: B'=77T/m, £=17m — F=25m
and L=30m







Particle Trajectories

N
: N

’ ’ ’ dﬂ?/ . d2CU
O AwangtwaL Description: —— =5 =

il Equation of Motiown: (L= Equation)

"+ K(s)z =0

- Nearly stmple harmonic; so, assume soln..:




Particle Trajectories

1 FODO “cell”

| ! | |
5 15

i _
ds  ds2

O Awna LgticaL Descriptiow:

- Equation of Motiown: (FLl's Equation)

"+ K(s)z =0

- Nearly stmple harmonic; so, assume soln..:




Particle Trajectories

1 FODO “cell”

de’  d?x

0 AwangticaL Descriptiow: =5 =

il Equation of Motiown: (Hill's Equation)

"+ K(s)x =0

- Nearly stmple harmonic; so, assume soln..:




Particle Trajectories

1 FODO “cell”

dr’ d’xz ~eB'(s) .

0 AwangticaL Descriptiow: =5 = .

il Equation of Motiown: (Hill's Equation)

"+ K(s)x =0

- Nearly stmple harmonic; so, assume soln..:




0O sSo taking " + K(s)r =0 awnd assuming z(s) = A/B(s) sin[yy(s) + 9]

- then, differentiating our solution twice, and plugging back into Hill’s
Equation, we find that for arbitmrg T o

i@ = A [wu@zb]cosw(s)w

+A\/7[—i ; +§%/—(¢/)2+K]sin[¢(s)+5]20

. Since must have ff > o, firstterm —-> " /Y = —p'/B — (wl — l/ﬂ)

*  With this, the remaining term tmplies differential equation for
*  which is, Upon stmplifying...

(8" +4K8 + BK' = 0)




Hill’s Equation and Beta (cont’d)

Typically, dK/ds =0;s0, (" +4Kp =0

n a “drift” region (no focusing), B =0

= Thus, beta function Ls a parabola in drift regions

2
S
‘ tf pass through a waist at s = 0, then, ,B(s) — ﬁ* 4+ —

Through focusing region (quad, say), K = const
3" + 4K 3 = const. S

Thus, beta function is a sitn/cos or sinh/cosh function, with an offset

. “driven. harmonic oscillator,” with constant driving term

So, optical properties of synchrotron (B) are now decoupled from
particle properties (4, 6) and accelerator can be designed in terms of
optical functions; beam size will be proportional to f77




Tune

Since z(s) = A/B(s)sin[i(s) +6] and ' =1/6 ,
then the total phase advance around the cireumference is given by

ds
B

Ytot = 2V = Note: [ is “local wavelemgth/21”

The tune, v, Ls the number of transverse “betatron oscillatlons” per
revolution. The phase advance through one FOPO cell is given by

L
wcell = ZSin_l (ﬁ)

For Tevatrown, L/2F = 0.6, and stince there are about 100 cells, the total
tune Ls about 100 x (R x 0.6)/2n ~ 20. The LHC tuwnes will be ~&o0.

O  The function [ both determines the envelope and amplitude of transverse
motion, as well as the scale of the oscillation period, or wavelength




Emittance

O _Justas in longitudinal case, we Look at the phase space trajectories, here
using transverse displacement and angle, x-x’, tn transverse space.

O Viewed at one location, phase space trajectory of a particle Ls an ellipse:

: vzl + 2axx’ + Bz'? = A?

Here, o= — 1/3’ o, B,y arethe
2 Courant-Snyder

para meters, or
TwLSS parawmeters

1+ a?
v =
B

while ff changes along the circumference, the area of the phase space
ellipse = WA=, and s independent of location!
So, define emittance, €, of the beamn as area of phase space ellipse
containing some particular fraction of the particles (units = mm-mrad)




Emittance (cont’d)

Ewmittance of the particle distribution s thus a Mmeasure of
beam quality.

, 1 2
- Atany one location... / \/Eﬂ
wote: if B inwm, € n “Tmm-mrad”, thew x will be in M

variables x, X’ are not canonteal variables; but x, p. are; the

area tn x-p, phase space is an adiabatic invariant; so, define
a normalized emittance as EN = € - (’yfu / C)

The normalized emittance should not change as we make
adiabatic changes to the system (e.9., accelerate). Thus,
beam size will shrink as p%2 during acceleration.
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Beam WLLL have a distribution tn momentum space

Orbits of individual particles will spreaad out

- B is constant; thus AR/R ~ Ap/p

- but, path is altered (focused) bg the gradient fields...

Uniform field: @ Synchrotron:

These orbits are described bg the Disperslow Functlon:

D(s) = Azc.,.(s)/(Ap/p)
Consequently, affects beam size:
(z?) = eB(s)/m + D(s)*((Ap/p)°)




Focusing effects from the magwets will also depena upon
Mmomentum: aj” L K(S,p)ﬂj =—=( = e(@By(S)/ax)/p

To guve all particles the same tune, regardless of momentum,
need a “gradient” which depends upon momentum. Orbits
spread out horizontally due to dispersion, can use a sextupole

ﬁCLd: :

B = 5B 22y & + (2% — %) 9]
which gives 9B, /0x = B"xz = B" D(Ap/p)

L.e., a field gradient which depends upon momentum

Ch romaticlta LS the variation of tune with momentum; use
sextupole magwnets to control/adjust; but, now introduces a
nonlinear transverse ﬁeLol i (see part 11 /)




0O can bulld up out of modules

bend, w/
FODO cells

O check for overall sta bLLL’ca - x/Y s

O weets all requirements of the program

- Ewnergy —-> circuwmference, fields, ete.

- spot size at interaction pownt: f wmin., D=0

- gte...




3 o 1+ L/2F ABe— F28/F  through a thin quad
max,min — 1 = L/QF

B(s) = By — 2098 + 7052 between quadrupoles

L =30 =25

Ex: Tevatrown Cell

sin(p/2) = L/2F = 0.6 — p ~ 1.2(69°)
P2 (D aanske A8 6 /(0 S0 [5mn

Brmin = 2(25 m)~/0.4/1.6 = 25 m
v~ 100 x 1.2/27 ~ 20
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O

a “matched tnsertion”
that propagates the
amplitude functions
from their FODO
values, through the
nwew reglown, and
reproduces them on the
other side

Hevre, we see an LHC
section used for beam
somplwg
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Momentum offset = 0.00 %
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LHC V6.5 Beam1 IR{l 450GeV Injeption (pp) %C'rossing Bump§(IP1=100% II?5=100°/% APZE;LO(



Interaction Region
(LA G-

LHC V6.500 Collision LHCB1 IR1 Crossing Bumps(IP1=100% IP5=100% IP2=100% IP8=100%) MAD-X 3.03.02 23/0
T T I T | T . T a T ! T T T . T . T ;

2.5

Be (m), By (m)

0.0 —— : . . ; . : . ; 1.0
12.78 : 13.88

Momentum offset = 0.00 %
[10*( 3)]
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Low-Beta “Squeeze
A triplet of quadrupoles Located on either side of detector region
provide the final focusing of beam

Triplet and other quadrupoles, Located outside the region, used
to adjust beam size at the focus

(Tevatron Example)

Beam Shape through Final Triplets
}.

- guads outside of
this regiow oo
most of work; Like
“changlng the
eyepiece” of a
telescope to adjust
magwification

Beam Size (rms, mm)

-

Distance from Interaction Point (m)




O make up a

sywchrotron out
of FODO cells for

bending, a few
matched straight
sections for
special purposes...




O make up a

sywchrotron out
of FODO cells for

bending, a few
matched straight
sections for
special purposes...




O make up a

sywchrotron out
of FODO cells for

bending, a few
matched straight
sections for
special purposes...




Part ll...

Now, adad wore realltsm. ..
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Corrections and Adjustments

O Correctlon/a dj ustment systems reguired for fine
control of accelerator:

- correct for misalignment, construction ervors, drift, ete.

- adjust operational conditions, tune up

0 tgpioa LLy, place correctors and Lnstrumentation
near quads —- “corrector package”

- cowntrol steering, tunes, chromatioltg, etc.




Linear Distortions

’ ’ ’
O orbit distortion due
’ ’
to single dipole fielol
JNNVA &i\,;\\\ A W7\
SA NS iAo/ ervor

SSONO? .
: -

S g
S
X\ Vo7

IA\\ 2
77\

O ©ewnvelope Error (Beta-
beat) and tune shift
due to gradient ervor
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Resonances and Tune Space
O Ervor fields are encountered repeatedly each

revolution —- can be resonant with tune

- repeated encounter with a steering (dipole)
ervor proouces an orbit distortion: ( A J

Sin Y

* thus, avold Lnteger tunes

- repeated encounter with a focusing (quad)
ervor prooluces distortion of amplitude fewn:

* thus, avolol haL{-iw’cegertuwCs (Aﬂ/ﬂ - J

SIn 27y




0O Phase space w/ sextupole field present (~x2)

- tune olepewolewc:

vy

- “dywnawmic aperture”

O Thus, avold tune values:

- kR, R/2, R/3, ...




O Always “ervor fields” i the real accelerator

O Coupled motion also generates resonances
(sum/difference resonances)

=W gewneral, should avold: i a0y =15

avolro ALL rational
tunes???




Through order
R =2




iagram

Tune D

auny JaA

=

Through order
R

hor tune




Through order
R =g




width = 0.025




Tune Spread

f_ “kick” the beam

O mwmomentum —- chromatioitg

position [mm]

- “natural”; ﬁeLd ervrors Ln
magwnets ~ x* where DLSp.

0O wnonlinear tune spread

position [mm]

- field terms ~ x2, x3, ete.

(¢) large chromaticity-

O —> “decoherence” of beam
posttion signal

position [mm]

number of revolutions
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Beam-Beam Force

As particle beams “collide” (very few particles actually “interact” each
passage), the fields on one beam affect the particles in the other beam.
This “beam-beam” force can be significant.

- on-coming beam can act as a “lens” ow the particles, thus changing
focusing characteristics of the synchrotron, tunes, ete.

o —x? /202
(Forceoc L Y, for small )(J

T 202

Head-Ow: core sees ~Llinear force; rest of beam, nonlinear force --> tune
spread, nonlinear resonances, ete.

Long-Range: -(:orce ~1/r -> -(:or Large enough separatlow, mostLH
coherent across the bunch, but still some wowL'Lwear'Ltg

Bunch structure (trawn) means some bunches will experience different
effects, increasing the tune spread, ete., of the total beam




Beam-Beam Mitigation

O ®Beaws are “separated” (if nwot i separate rings of magwnets)
by electrostatic fields so that the bunches wnteract only at the
detectors

- “Pretzel” or “helical” orbits separate the beams arownd the
ring

- However, the “lLong-range” interactions cawn still affect
performa WCE

- wnew “electron lenses” and current-carrying wires are
betng investigated which can mitigate the effects of
beam-beam Lnteractions, both head-on and Long-range




bunch length

Helical orbits through 4 standard arc
cells of the Tevatron




*¥ LHC: 2 Beams in 2 Pipes

® Across each interaction region, for about 120 m, the two beams are
contained in the same beam pipe

This would give ~ 30 bunch interactions through the region

Want a single Head-on collision at the IP, but will still have long-range
interactions on either side

Beam size grows away from IP, and so does separation; can tolerate
beams separated by ~10 sigma g CMAN b g

N P
d/O’ — I (6*/0‘*) ~ 10 W oo 4 [

— ¢ =10-(0.017)/(550) ~ 300 prad oligons. I >x I long-range

| & ~
P 4 -




Emittance Control

Electrons radiate extensively at high energies; combined
with energy replenishment from RF system, small
equilibrivm emittances result

- n Hadron Colliders; € at colliston energy determined
by proton source, and its control through the injectors

Larger emittance — smaller luminosity

Larger emittance growth rates during collistons result tn
particle loss

- less particles for luminosity!




Injection Errors

Bwmittance growth from trajectory errvors at
Lnjection -- more sensitive at higher energy
injection (beamw size is smaller)

S'quiLarLg, energy/phase mismateh at
imd' ectlon (ivxj ection Lnto “center” of buckets)

damper systems
- fast corvections of turn-by-turn trajectory

- correct offsets before “decoherence” sets Ln
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¥ Decoherence and Emittance Growth

Phase Space il

R

0
% boxy

mean(x f) = 1.985 stdev (x f) = 1.039

Emittance |ncrease: stdev (x f)z = 1.08

Predicted "typical” values: (Steering Mismatch)

¢
I’B + 1
FRAME = 0 {Amplitude function Mismatch) -
.rﬁ
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Diffusion g

O Random sources (power supply notse; beam-gas
scattering tn vacuum tube; grownd motion)
will alter the oscillation amplituoes of
individual particles

- will grow like VN, amplitudes will
eventually reach aperture

O Thus, beam Lifetime will develop, affecting
beam iwtewsitg, emwittance, and thus
Lumiwosi’cg




Diffusion Example

Taey = 1.965 r‘rxt =1.011 t=3 Mg = 2001
2 t

i) i R ] i [
ap = sy | Onsy

0 | mlﬂ“ ”l"l |
3

] S -5 0
4= 1022

chisplaceraent Y displaceraent

Beam Beam
Intensity § Ewmittance

| | | | |

1x10° . 1.5%10° so0 1x10® 1sx10°

tum number turm rmber
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O Noise from RF system (phase nolse, voltage noise)
will tinerease the beam Longitudinal emittance

I k
-

O Particles will “leak” out of thetr original bucket,
and cireulate around the cireumference out of
phase with the RF

- “DC Beam”

O Hewnce, collistons can occur between mominal
buwnch crossings; of concern for the experiments
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$000
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hitn number




- R § - n n

1-10 TeV is high energy, but actually less than
one micro-joule; multiply by 10*=-10** particles,
total energy quite high

Sources of energy deposttion
Sy nehrotron Radiation
Particle diffuston (above)
Beam abort

Collistons!




Beam Stored Energy

Tevatron

- 103 -10%Pev 1.6100 )/ev ~ 2 M

LHC

- 310%™ F10™eV 1.610Y )/ev ~ 200 M) each beam.!

Power at [P’s -- rate of Lost particles x energy: L -2 E

- Tevatrow (at 4K) - ~4 W at each detector reglon

- LHC (at1.€K) -- ~1300 W at each detector region




* Synchrotron Radiation
d7rg 1

O Lloss per turn: AE, ., = FAp(Z
P e R<p>

- For Tevatrow:

® -~ 9 eV/turn/particle; ~ 1 W/ring

- for LHC:

® -~067/00 eV/turn/particle; 3.6 kW/ring

O vacuum Lv»stabil,itg —— “electron clowd”

- requires Liner for LHC beam tulbe




Collimation Systems

1y
Je
A

O Tevatrown —- several ooLLimators/sorapers

O LHC -- ~ 100 collimators

careful control of collimators, beam
trajectory, envelope required

Dec 5, 2003 event
inTev -- ~| M|




Back to Luminosity...

Can now express tn terms of beam physies parameters;
ex.: for short, round beams...

= foBN? = foBN %y
do*? 4e3*

If different bunch intensities, different transverse
beam emittances for the two beams,

JoBNiNa —  foBN1 N2y
2 (0% + 03%)  20*(e1 + €2)

i

and assorted other variations...




Hour Glass

O tf bunches are too lLong, the rapid increase of the
ampLLtuole function away from the Lwtemctww
pow\, ” reduces Lumw\,oswg

- Tevatrow:
® Og ~ 26*

Iy

0.0 0.2 0.4 0.6 0.8

o o g B

& 0. = [




ln Tevatrown, bunches spaced far enough apart that next
passage by another bunch s outside detector region, after
put on separate trajectories.

i LHC, many wmore bunches, shorter spacing; Lf not a
crossing angle, would have MANY head-ow collistons
throughout detector reglown.

- reduces Lumiwosl‘cg somewhat:

1

Lty
: V 1+ (aos/20%)?

Luminosity Reduction

00 02 04 06 08 1.0




need to tnclude effect of emittance growth, ete.
2 particLes wtll be Lost bg means other thaw collistons

suppose diffusion effects cause de/dt (they do!):

L(t) I(t)

100 150 200 250

Luminosity (/microbarn/sec)
Integrated Luminosity (/pb)




Optimization of
Integrated Luminosity

O The ultimate goal for the accelerator - providle
largest total number of collistons possible

O So, optimize initial Lumiwositg, according to

turn-around time, emittance growth rates, ete.
to produce most Lntegrateol Lumiwosi’cﬁ per
week (sa g)

- exa VM}PLC: recewt Tevatron ruwvu',wg




Tevatron Operation

Here, need to
balawnce the
above with the
production rate
of antiprotons ;
to find

(@]
(5}

recent F-day period

O'Ptlmum

runmnting

conoitlons




N =

Hope have gotten a glimpse of the process...

what, there’s more??

- Coupling of degrees-of-freedom transverse x/ Y, trans. to long ttudinal
- Space charge interactions (mostly low-energies)

- wake fields, impedance, coherent tnstabilities
Beam cooling technigues
RF manipulations
Resonant extraction
Crystal collimation
Magwet, cavity design
Beam nstrumentation and diagwostics




O DP. A Bdwards and M_). Syphers, An Introduction to the
Physties of High Bnergy Accelerators, John Wiley § Sons (1992)

O S.Y. Lee Accelerator Physies, World Scientific (1999)

O E.J. N. Wilson, An Introduction to Particle Accelerators, Oxford

t/w\,ﬁversit:d Press (2001)

ano many others...

O Cownference Proceedings —
- Particle Accelerator Conference (2007, 2005, ...)
- Buropean Particle Accelerator Conference (2006, 2004, ...)
- AsLawn Particle Accelerator Conference (2007, 2004, ...)
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O WS Particle Accelerator School:
- http://uspas.fnal.gov
- Twice yearly, January /june

O CERN Accelerator School:
- http://cas.web.cern.ch
o Spring (specialized topics)
o autuwmmn (Lntro/tntermediate)

email: syphers@fnal.gov
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